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Gold  nanorods  (GNRs)  are  of  interest 
in  numerous  biological  applications, 
including  photothermal  therapy  for 
gene/drug  delivery,1'2  disease  targeting,3 
and  medical  and  biological  imaging.4  Many 
of  these  applications  are  enhanced  by  the 
ability  to  manipulate  the  aspect  ratio  (AR)  of 
GNRs,  which  allows  the  plasmon  peak  absorp¬ 
tion  and  scattering  wavelength  to  be  tuned 
to  the  near-infrared.  Due  to  the  transparency 
of  tissue  in  this  optical  regime  (800—  1 1 00  nm), 
this  allows  for  photothermal  applications  via 
laser  irradiation  and  biological  imaging  that 
penetrate  biological  tissue.  Additionally,  the 
surface  of  GNRs  can  be  modified  via  thiol 
chemistry,  enabling  conjugation  to  biomole¬ 
cules  for  specific  targeting,  uptake,  or  delivery.5 

Because  GNRs  are  being  developed  for 
many  biological  applications,  it  is  important 
to  understand  how  the  different  physical 
and  chemical  properties  of  GNRs  impact 
cells.6,7  In  particular,  the  surface  chemistry  of 
GNRs  can  dictate  their  biological  behavior.6 
Previous  studies  of  various  types  of  nanopar¬ 
ticles  have  indicated  that  their  surface  chem¬ 
istry  strongly  influences  cell  toxicity  and 
uptake.8-15  GNR  synthesis  requires  the  sur¬ 
factant  cetyltrimethylammonium  bromide 
(CTAB)16  and  GNR-CTAB  not  only  have  poor 
stability  in  biological  solutions  but  also  exhibit 
significant  cytotoxicity.1 3,1 5,1 7,1 8  Several  sur¬ 
face  coatings  have  been  proposed  in  order 
to  reduce  the  apparent  toxic  effect  of  the 
GNRs,  such  as  by  "cloaking"  the  CTAB-GNRs 
with  polyelectrolytes,13  phospholipids,5  or  ex¬ 
changing  the  CTAB  with  another  molecule 
such  as  thiolated  PEG.10  These  different  GNR 
ligands  can  affect  cell  uptake  differently, 
either  increasing  or  hindering  it.19,20  Uptake 
behavior  is  related  to  the  proteins  that  adsorb 
on  the  GNR  surface,  and  studies  have  eluci¬ 
dated  a  relationship  between  GNR  surface 
charge  before  and  after  protein  adsorption 
and  its  affect  on  uptake.13,21 


ABSTRACT  Gold  nanorods  (GNRs)  stabilized  with  cetyltrimethylammonium  bromide  (CTAB)  and 
GNR  functionalized  via  a  ligand  exchange  method  with  either  thiolated  polyethylene  glycol  (PEG50oo) 
or  mercaptohexadecanoic  acid  (MHDA)  were  investigated  for  their  stability  in  biological  media  and 
subsequent  toxicological  effects  to  HaCaT  cells.  GNR-PEG  and  GNR-MHDA  exhibited  minimal  effects 
on  cell  proliferation,  whereas  GNR-CTAB  reduced  cell  proliferation  significantly  due  to  the  inherent 
toxicity  of  the  cationic  surfactant  to  cells.  Cell  uptake  studies  indicated  relatively  low  uptake  for  GNR- 
PEG  and  high  uptake  for  GNR-MHDA.  Reverse  transcriptase  polymerase  chain  reaction  (RT-PCR) 
revealed  that  GNR-PEG  induced  less  significant  and  unique  changes  in  the  transcription  levels  of  84 
genes  related  to  stress  and  toxicity  compared  to  GNR-MHDA.  The  results  demonstrate  that,  although 
cell  proliferation  was  not  affected  by  both  particles,  there  is  a  significant  difference  in  gene 
expression  in  GNR-MHDA  exposed  cells,  suggesting  long-term  implications  for  chronic  exposure. 
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Typically,  the  metric  for  assessing  GNR 
toxicity  has  been  cell  viability.  However, 
exposure  to  GNRs  can  result  in  conse¬ 
quences  beyond  proliferation  and  uptake.22 
For  example,  GNR  exposure  may  result  in 
longer  term  effects  related  to  stress  such  as 
inflammation  or  oxidative  stress.23,24  Eva¬ 
luation  of  markers  related  to  apoptosis, 
senescence,  inflammation,  and  others  can 
yield  a  more  complete  picture  of  stress  and 
toxicity.  Recently,  gene  expression  in  the 
spleen  and  liver  of  rats  was  evaluated  after 
exposure  to  citrate-stabilized  gold  nanopar¬ 
ticles,  which  are  generally  considered  to  be 
biocompatible. The  results  showed  changes 
in  expression  of  genes  related  to  detoxifica¬ 
tion,  lipid  metabolism,  cell  cycle,  defense 
response,  and  circadian  rhythm.25  In  another 
study,  inflammation-related  genes  were  up- 
or  down-regulated  as  a  function  of  GNR 
surface  chemistry.23  These  studies  highlight 
the  importance  of  understanding  the  impact 
of  GNRs  with  different  surface  chemistries  on 
not  only  cell  proliferation  and  uptake  but 
also  gene  expression.  The  PCR  method  is 
desirable  for  this  type  of  study  because  it 
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intracellular  Ca++  levels)  following  exposure  to  the  charged  Au  NPs,  but  not  the  neutral  Au  NPs.  In 
addition  to  the  differences  observed  in  the  MMP  and  Ca++  levels,  up  or  down  regulation  of  DNA  damage 
related  gene  expression  suggested  a  differential  cell  death  mechanism  based  on  whether  or  not  the  Au  NPs 
were  charged  or  neutral.  Additionally,  increased  nuclear  localization  of  p53  and  caspase-3  expression  were 
observed  in  cells  exposed  to  the  charged  Au  NPs,  while  the  neutral  Au  NPs  caused  an  increase  in  both 
nuclear  and  cytoplasmic  p53  expression.  In  conclusion,  these  results  indicate  that  surface  charge  is  a  major 
determinant  of  how  Au  NPs  impact  cellular  processes,  with  the  charged  NPs  inducing  cell  death  through 
apoptosis  and  neutral  NPs  leading  to  necrosis. 
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allows  an  array  of  genes  to  be  investigated.  It  is  also 
recognized  as  a  reliable  technique  with  controls  in¬ 
corporated  into  the  array  to  ensure  data  quality.26 

Furthermore,  GNR  ligands  have  been  expanded  to 
include  new  classes  of  molecules  such  as  mercaptocar- 
boxylic  acids,  which  passivate  the  GNRs  by  forming  a 
thiol-bonded  monolayer  and  permit  water  solubility.27 
However,  the  cellular  response  elicited  by  exposure  to 
GNRs  functionalized  with  these  new  classes  of  mole¬ 
cules  has  not  been  well-characterized. 

Here  we  evaluate  the  relative  toxic  effect  of  GNRs  to 
the  human  keratinocyte  cell  line  HaCaT  as  a  function  of 
surface  chemistry.  Because  GNRs  are  being  developed 
for  many  applications  that  require  excitation  through 
skin  tissue,  toxicity  to  the  skin  is  important  to  under¬ 
stand.  HaCaT  cells  were  chosen  as  a  representative 
model  for  understanding  general  mechanisms  of  toxi¬ 
city  in  human  skin.  As-synthesized  GNRs  functionalized 
with  CTAB  were  compared  with  GNRs  coated  with 
thiolated  PEG500o  and  mercaptohexadecanoic  acid 
(MHDA),  a  representative  mercaptocarboxylic  acid.  GNR 
stability  in  biological  media  and  effect  on  cell  prolifera¬ 
tion,  morphology,  and  uptake  were  probed.  Real-time 
reverse  transcriptase  polymerase  chain  reaction  (RT- 
PCR)  was  used  to  investigate  the  effects  on  gene 
expression  for  GNR-MHDA  and  GNR-PEG.  We  find  that 
GNR  surface  chemistry  strongly  influences  gene  expres¬ 
sion  patterns.  More  importantly,  we  find  that,  while 
GNR-MHDA  and  GNR-PEG  exhibited  low  cytotoxicity 
as  evidenced  by  the  MTS  cell  proliferation  and  reactive 
oxygen  species  (ROS)  assays,  they  can  have  a  dramatic 
effect  on  the  expression  of  genes  related  to  stress 
response  and  toxicity. 

RESULTS  AND  DISCUSSION 

Characterization  of  GNRs  and  Stability  in  Biological  Media. 

GNRs  were  synthesized  using  the  seed-mediated  meth¬ 
od  described  in  the  literature.28Transmission  electron 
microscopy  (TEM)  characterized  the  morphology  and 
size  distribution  of  GNRs.  The  morphology  for  all  GNR 
samples  is  rod-like  with  a  small  amount  of  spheres. 
GNR-MHDA  and  GNR-PEG  exhibited  similar  size  dis¬ 
tributions  and  ARs,  but  these  values  were  slightly 
smaller  for  GNR-CTAB  due  to  synthesis  batch  varia¬ 
bility  (Figure  1  a— c,  Table  1 ). 

UV— vis  spectroscopy  and  darkfield  (DF)  images 
confirmed  that  GNRs  have  different  stabilities  in  RPMI- 
1 640  exposure  media  (EM),  which  was  used  as  dosing 
media  for  cell  studies.  GNR-MHDA  shows  a  loss  in  the 
longitudinal  peak  in  the  UV— vis  spectrum,  indicating 
agglomeration  (Figure  1  d,  dashed  vs  solid).  DF  images 
of  the  GNR-MHDA  also  show  an  increase  in  the  size  of 
the  particles  and  reduced  background  containing 
individual  GNRs  when  the  solution  was  changed  from 
water  to  EM  (Figure  Id,  insets).  The  longitudinal 
peak  of  the  GNR-PEG  did  not  decrease  or  shift  upon 


Figure  1.  TEM  characterization  of  GNR  morphology  and  size 
distribution,  (a)  GNR-CTAB;  (b)  GNR-MHDA;  (c)  GNR-PEG.  (d) 
UV/vis  results  for  GNR-PEG  and  (e)  GNR-MHDA  in  water 
(dashed)  and  EM  (solid).  Insets:  DF  images  of  GNRs  in  water 
and  media. 


TABLE  1.  Size  Characterization  of  GNRs  by  TEM 

sample 

GNR-CTAB 

GNR-MHDA 

GNR-PEG 

average  length  (nm) 

25.6  ±  3.6 

35.5  ±  8.9 

31.7  ±  9.6 

average  width  (nm) 

8.2  ±  1.1 

10.1  ±  2.8 

9.1  ±  3.2 

aspect  ratio  (AR) 

3.1 

3.5 

3.5 

TABLE  2.  Zeta  Potential  Data  for  GNRs  in  Water 


sample 

Zeta  Potential  (mV) 

water 

EM 

GNR-CTAB 

+44.5  ±  0.354 

N/A 

GNR-MHDA 

-46.2  ±  0.354 

-8.37  ±  0.781 

GNR-PEG 

-11.1  ±0.989 

-4.97  ±  0.950 

exposure  to  EM  (Figure  1e,  dashed  vs  solid),  and  the 
DF  image  of  the  GNR-PEG  did  not  change  substan¬ 
tially  from  water  to  EM  (Figure  1e,  insets),  indicating 
that  GNR-PEG  exhibits  increased  stability  in  media 
versus  GNR-MHDA. 

Zeta  potentials  of  the  GNRs  were  measured  using 
laser  Doppler  electrophoresis  (Table  2).  GNR-PEG  exhib¬ 
ited  the  most  neutral  zeta  potential  of  —  1 1 .1  ±  0.989  mV, 
while  GNR-CTAB  and  GNR-MHDA  exhibited  zeta  poten¬ 
tials  of +44.5  and  —46.2  mV,  respectively.  These  changes 
in  zeta  potential  confirmed  the  ligand  exchange  to 
neutral  and  negatively  charged  ligands.  When  the  GNRs 


GRABINSKI  ETAL. 


VOL.  XXX  ■  NO.  XX  ■  000-000  ■  XXXX  ^NANO 

www.acsnano.org 


B 


ARTICLE 


were  exposed  to  EM,  the  zeta  potentials  for  GNR-MHDA 
and  GNR-PEG  shifted  closer  to  neutral,  which  has  been 
observed  by  others  and  attributed  to  be  due  to  the  amino 
acids  in  the  EM  adsorbing  to  the  particles.29  Because 
GNR-CTAB  precipitated  in  EM,  it  was  not  possible  to 
measure  its  zeta  potential,  again  demonstrating  its  poor 
stability  in  biological  fluids. 

Cell  Proliferation.  MTS  assays  were  performed  to 
determine  the  effect  of  24  h  exposure  to  GNRs  on  the 
cell  proliferation  of  HaCaT  cells.  After  a  24  h  exposure  to 
GNR-CTAB,  cell  proliferation  was  reduced  by  80%  from 
control  at  all  concentrations,  indicating  that  they  are 
highly  toxic  (Figure  2a,  solid  red).  Even  at  the  lowest 
dose  of  5  fig/mL,  only  5—10%  of  the  cells  were  still 
viable.  There  was  no  trend  of  a  dose-dependent  res¬ 
ponse.  A  similar  response  was  shown  by  the  CTAB 
alone  (Figure  2c,  solid  gray). 

For  GNR-CTAB,  the  LDFH  membrane  leakage  assay 
was  performed  to  verify  MTS  results  (Figure  2b,  solid 
red).  There  were  high  levels  of  membrane  leakage  at  the 
lower  doses,  but  at  the  higher  doses,  the  amount  of 
leakage  was  reduced.  This  is  most  likely  caused  by  the 
fact  that  higher  doses  have  a  cytotoxic  effect  earlier  than 
lower  doses  and  thus  result  in  lower  LDH  production  by 
the  cells.  A  similar  trend  was  observed  with  the  CTAB 
alone  (Figure  2d,  solid  gray).  Thus,  the  free  CTAB 
inherent  in  the  GNR-CTAB  sample  is  most  likely  re¬ 
sponsible  for  the  GNR  toxicity,  as  has  been  found  by 
others.13 

Earlier  times  were  probed  for  both  MTS  and  LDH 
assays  to  determine  whether  LDH  leakage  could  be 
observed  at  earlier  times.  Within  2  h  of  exposure  to  the 
GNR-CTAB,  there  was  a  significant  loss  in  cell  prolifera¬ 
tion  (Figure  2a,  hatched  red)  and  an  increase  in  mem¬ 
brane  leakage  (Figure  2b,  hatched  red).  Again,  these 
results  were  also  observed  after  cellular  exposure  to 
CTAB  alone  (Figure  2c,d,  hatched  gray). 

The  MTS  assay  was  carried  out  for  GNR-PEG  and 
GNR-MFIDA  after  a  24  h  exposure  to  determine  if  surface 
functionalization  could  eliminate  the  toxic  effects 
observed  after  exposure  to  GNR-CTAB  (Figure  2e). 
MTS  results  indicate  that  GNR-MFIDA  (Figure  2e, 
orange)  exhibited  a  slight  proliferative  effect  (14%) 
on  cells  after  a  24  h  exposure  period  at  low  concen¬ 
trations  (5  ^rg/mL)  and  exhibited  an  inhibitive  effect 
(12%)  at  high  concentrations  (100  ^ig/mL).  GNR-PEG 
(Figure  2e,  blue)  inhibited  cell  proliferation  by  only 
10%  at  the  highest  concentration  (100 /rg/mL).  These 
results  show  that  changing  the  GNR  ligand  can  reduce 
their  cytoxic  effect. 

The  proliferative  effect  observed  for  GNR-MHDA 
has  been  previously  reported  for  gold  nanostars.30 
This  was  also  shown  in  another  study  where  the  MTS 
and  Neutral  Red  assays  showed  increased  prolifera¬ 
tion  after  exposure  to  nanoparticles,  but  Trypan  Blue 
exclusion  assay  and  protein  quantification  did  not 
show  increased  cell  viability.  It  was  hypothesized 


0  5  10  25  50  100  0  0.1  0.5  1  5 


jig/mL  GNR-CTAB  [CTAB],  mM 


0  5  50  100 


pg/m L  GNR 

Figure  2.  Cell  proliferation  following  a  24  and  2  h  treatment 
with  GNR-CTAB:  (a)  MTS  assay;  (b)  LDH  assay.  Cell  prolif¬ 
eration  following  a  24  and  2  h  treatment  with  CTAB:  (c)  MTS 
assay;  (d)  LDH  assay,  (e)  Cell  proliferation  following  a  24  h 
treatment  with  GNR-MHDA  and  GNR-PEG  measured  via  MTS 
assay.  Error  bars  indicate  standard  deviation,  asterisks 
denote  significance  (p  <  0.05). 

that  the  increase  in  proliferation  observed  by  the 
mitochondrial-based  assay  is  related  to  the  high 
energy  demand  for  endocytosis,  which  increases 
mitochondrial  enzyme  activities.31 

The  ROS  assay  was  performed  to  determine  the 
oxidative  stress  response  of  cells  exposed  to  GNRs.9,32 
Qualitative  data  showed  elevated  production  of  ROS  in 
cells  exposed  to  GNR-CTAB  (Figure  3a— e). The  negative 
control  cells  showed  no  ROS  production  as  expected 
(Figure  3a),  while  the  positive  control  cells  showed  ROS 
formation  (Figure  3b).  GNR-CTAB  exhibited  a  significant 
increase  in  ROS  production,  much  higher  than  the 
positive  control  (Figure  3c).  GNR-PEG  (Figure  3d)  and 
GNR-MHDA  (Figure  3e)  at  50  /rg/mL  resulted  in  no 
significant  increase  in  ROS  formation,  as  evidenced  by 
the  low  green  signal.  Quantitative  ROS  data  were  col¬ 
lected  for  GNR-CTAB,  GNR-MHDA,  and  GNR-PEG  in  order 
to  evaluate  their  effect  on  HaCaT  cells.  GNR-CTAB  at  5  fig/ 
mL  showed  a  >40-fold  increase  of  ROS  formation  relative 
to  the  negative  control  (Figure  3f).  Neither  GNR-MHDA 
(Figure  3g,  orange)  nor  GNR-PEG  (Figure  3d,  blue)  over  the 
concentration  range  of  0— 1 00  pg/mL  induced  significant 
ROS  after  exposure,  with  ROS  production  showing  only 
0.9— 1.01 -fold  differences. 

Cell  Morphology  and  Uptake.  DF  imaging  was  used 
to  probe  cell  morphology  upon  GNR  exposure  and 
evaluate  GNR  uptake  relative  to  unexposed  cells 
(Figure  4A).  DF  images  indicated  a  high  level  of  asso¬ 
ciation  of  GNR-MHDA  with  cells  at  the  24  h  time  point 
(Figure  4C)  relative  to  GNR-PEG  (Figure  4E). 

Both  GNR-MHDA  and  GNR-PEG  appear  to  be  inter¬ 
nalized  by  cells,  as  determined  by  TEM  (Figure  4D,F). 
GNRs  appearto  have  been  taken  up  via  endocytosis  and 
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Figure  3.  Oxidative  stress  production  after  exposure  to  GNR-CTAB.  (a)  Negative  control;  (b)  positive  control  (0.03%  H202); 
(c)  5  pg/mL  GNR-CTAB,  (d)  50pg/mL  GNR-PEG,  (e)  50  pg/mL  GNR-MHDA.  Nuclei  are  stained  with  Hoechst,and  the  DCFH  probe 
fluoresces  green  in  the  presence  of  ROS.  White  arrows  indicate  green  fluorescence  produced  in  positive  control,  (f)  Oxidative 
stress  production  after  exposure  to  GNR-CTAB  and  (g)  GNR-MHDA  and  GNR-PEG.  Data  were  normalized  FITC  intensity  to 
Floechst  intensity  to  account  for  cell  number. 


are  localized  in  endosomes  within  the  cell.  However,  the 
number  of  GNRs  taken  up  is  considerably  greater  for 
GNR-MHDA  than  GNR-PEG.  This  result  is  expected  due 
to  the  nearly  neutral  zeta  potential  of  PEGylated  surfaces 
and  relative  inertness  of  PEGylated  GNRs  in  biological 
media.  Additionally,  larger  agglomerates  of  GNR-MHDA 
were  exposed  to  cells,  which  could  also  play  a  role  in  the 
increased  level  of  uptake  due  to  an  increased  rate  of 
gravitational  settling  versus  GNR-PEG.33 

Stress  and  Toxicity  Array  Analysis.  Real-time  reverse 
transcriptase  polymerase  chain  reaction  (RT-PCR)  was 
used  to  determine  the  effect  of  GNR-PEG  and  GNR- 
MHDA  on  HaCaT  cells  at  nontoxic  doses  (50  pg/mL),  in 
addition  to  GNR-MHDA  at  5  pg/mL,  to  further  investi¬ 
gate  the  proliferative  effect  observed  by  the  MTS  assay 
for  cells  exposed  at  that  concentration.  The  stress  and 
toxicity  array  was  used  to  evaluate  the  expression  of 
genes  directly  regulated  by  oxidative  or  metabolic  stress 
and  heat  shock,  as  well  as  genes  that  are  representative 
of  pathways  activated  by  prolonged  stress,  such  as 
apoptosis  and  senescence.  The  expression  of  genes 
was  determined  based  on  their  average  threshold  cycles 


(Ct),  which  is  equal  to  the  cycle  number  at  which 
fluorescence  generated  crosses  a  threshold.  The  Ct 
values  were  normalized  based  on  the  mean  of  Ct  values 
for  a  set  of  5  housekeeping  genes  for  each  trial.  Fold 
regulation  was  determined  for  each  test  sample  (GNR- 
PEG  and  GNR-MHDA)  versus  the  negative  control  based 
on  an  inverse  relationship  of  the  normalized  Ct  values, 
which  were  averaged  for  triplicate  trials.  A  heat  map  for 
each  GNR  sample  is  shown  in  Figure  5A— C  based  on 
fold  regulation  between  —5  and  10. 

Genes  that  were  significantly  different  for  GNRs  versus 
the  negative  control  were  determined  by  a  Student's  f 
test  comparing  the  normalized  Ct  values  for  each  test 
sample  to  the  negative  control.  Genes  with  p  <  0.05  and 
fold  regulation  with  magnitude  >3  are  shown  in  Table  3. 

Exposure  to  GNR-PEG  and  GNR-MHDA  induced  un¬ 
ique  gene  regulation  patterns.  GNR-PEG  induced  down- 
regulation  of  genes  associated  with  apoptosis,  DNA 
damage,  and  growth  arrest,  including  those  that  encode 
for  apoptosis-related  cysteine  peptidase,  also  known  as 
interleukin  1 ,  beta,  convertase  (CASP1 ),  serine/threonine 
protein  kinase  (CHEK1),  and  growth  arrest  and  DNA 
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Figure  4.  Cell  uptake  of  GNR-MHDA  and  GNR-PEG  in  HaCaT  cells  via  DF  imaging  (A,C,E)  and  TEM  (B,D,F).  (A,B)  Control  (no 
particle  exposure);  (C,D)  GNR-MHDA;  (E,F)  GNR-PEG. 


damage  inducible  protein,  alpha  (GADD45a)  in  the 
range  of  —4.0  to  —5.6  (Table  3).  CASP1  proteolytically 
cleaves  pro-IL-1/3  to  its  mature,  active  form.  Overexpres¬ 
sion  of  CASP1  leads  to  apoptosis;  however,  this  gene 
was  down-regulated,  which  has  been  found  to  occur  in 
cancer  cells.34  CHEK1  is  a  DNA  damage  response,  and  its 
decrease  allows  survival  by  reducing  the  apoptosis 
pathway.35  GADD45a  down-regulation  also  occurs  in 
tumor  tissues.  It  is  related  to  growth  arrest  and  senes¬ 
cence  but  also  plays  a  role  in  inducing  apoptosis.  Its 
down-regulation  could  be  related  to  cell  survival.36 
These  results  show  that  GNR-PEG  do  have  some  effect 
on  cellular  response. 

In  comparison,  GNR-MHDA  at  50  /rg/mL  induced 
significant  up-regulation  of  genes  associated  with  heat 
shock  and  inflammation.  Up-regulation  of  genes  re¬ 
lated  to  heat  shock  indicates  that  the  cells  exhibited 
stress  responses  upon  exposure  to  GNR-MHDA.  When 
exposed  at  the  high  concentration  (50  /rg/mL),  genes 


encoding  for  both  heat  shock  70  kDa  protein  8 
(HSPA8)  and  heat  shock  protein  90  (HSP90aA2) 
were  up-regulated  by  7.2  and  25.5,  respectively. 
HSPA8  and  HSP90aA2  are  known  to  work  as  a  molec¬ 
ular  chaperone  system,  which  facilitates  correct  protein 
folding.37  HSPA8  has  also  been  shown  to  enhance 
survival  of  cells  and  prevent  apoptosis  under  stress 
conditions.38 

GNR-MHDA  exposure  also  up-regulated  two  genes 
associated  with  inflammation.  IL-1a,  which  was  up- 
regulated  by  7.8-fold,  is  in  the  interleukin  1  cytokine 
family  and  indicates  a  pro-inflammatory  response.  IL-1 
is  involved  in  modulating  the  immune  response,  and 
production  of  this  protein  affects  many  signal  trans¬ 
duction  pathways.39  The  other  gene  is  Serpinel,  a 
serine  protease  inhibitor,  which  was  up-regulated 
21.1-fold,  which  acts  by  inducing  the  synthesis  of  a 
protein  that  inhibits  the  activity  of  tissue  plasminogen 
activator.  Plasminogen  activator  plays  a  role  in  cell 
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Figure  5.  Representative  heat  maps  based  on  fold  regulation  of  stress  and  toxicity  genes  after  exposure  to  GNRs  compared 
to  negative  control  sample.  (A)  GNR-PEG  50/ig/mL;  (B)  GNR-MHDA  50/<g/mL;  (C)  GNR-MHDA  5 /(g/mL.  (D)  Stress  and  toxicity 
array  layout.  Asterisks  in  the  heat  map  correlate  with  p  <  0.05  and  fold  regulation  magnitude  >3  for  n  >  3. 


movement  and  inflammation.  This  suggests  a  signifi¬ 
cant  anti-inflammatory  effect  induced  by  exposure  to 
GNR-MHDA  after  a  24  h  exposure  period.  Serpinel  has 
been  shown  to  stimulate  keratinocyte  adhesion  and 
migration,  in  addition  to  rescue  keratinocytes  from 
plasminogen-induced  substrate  detachment.40  Inter¬ 
action  of  GNR-MHDA  with  the  cell  membrane  could 
affect  cell  movement,  which  may  play  a  role  in  the 
inhibition  of  plasminogen  activator.  Cell  uptake  could 
also  be  related  to  this  inflammation  response.  In  addition 
to  heat  shock  and  inflammation-related  genes,  one  gene 
that  plays  a  role  in  DNA  damage  repair  was  up-regulated 
significantly.  XRCC2  was  up-regulated  by  5.7,  which 
induces  the  synthesis  of  a  protein,  and  is  involved  in 
DNA  damage  repair.41  The  reason  for  translation  of  this 


gene  is  unknown  but  could  be  related  to  insult  suffered 
by  HaCaT  cells  after  significant  cell  uptake  of  GNR- 
MHDA  at  50  /<g/mL. 

There  were  unique  genes  up-regulated  by  the  low 
concentration  of  GNR-MHDA  (5  n g/mL).  Cells  exposed 
to  the  lower  concentration  of  GNR-MHDA  shared  up- 
regulation  of  heat  shock  and  inflammation  genes 
HSP90aA2  and  I L- 1  a,  but  not  the  other  genes  effect 
by  GNR-MHDA  at  50  /(g/mL. 

Interleukin  6  (IL-6)  has  been  shown  to  increase  the 
proliferation  of  keratinocytes,  so  the  up-regulation  of 
the  gene  encoding  this  proten  could  be  related  to 
the  proliferation  observed  at  low  concentration  expo¬ 
sure  to  GNR-MHDA.42  IL-1a  and  /3  are  involved  in  a 
variety  of  cellular  activities,  including  cell  proliferation, 
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TABLE  3.  Genes  Significantly  Affected  by  Exposure  to  GNRs  (Boldface  Indicates  Significant  Changes,  (Student's  t  test, 
p  <  0.05) 


fold  regulation  (compared  to  control) 


gene  symbol 

gene  type 

GNR-PEG  50  /<g/mL 

GNR-MHDA  50  //g/mL 

GNR-MHDA  5  /fg/mL 

CASP1 

apoptosis  signaling 

-5.6l 

1.0 

-1.2 

TNFRSF1A 

apoptosis  signaling 

-1.5 

1.5 

8.4t 

CHEK2 

DNA  damage  and  repair 

-5.01 

1.2 

1.2 

XRCC2 

DNA  damage  and  repair 

1.2 

5.7t 

1.4 

GADD45a 

growth  arrest  and  senescence 

-4.0i 

-2.0 

-2.2 

HSPA8 

heat  shock 

-3.0 

7.2t 

1.8 

HSP90aA2 

heat  shock 

-1.7 

25.5t 

18.8t 

IL-1  a 

inflammation 

1.1 

7.8f 

6.8t 

IL-1  p 

inflammation 

-1.2 

3.2 

8.5t 

IL-6 

inflammation 

-1.9 

1.4 

6.4t 

SERPINE1 

inflammation 

-1.7 

21. It 

1.3 

differentiation,  and  apoptosis.  Although  keratinocytes 
produce  both  IL-1  a  and  /3  mRNA  in  vitro,  they  do  not 
process  IL-1/3,  so  the  up-regulation  observed  does 
not  likely  indicate  a  route  for  cell  proliferation.43  The 
gene  encoding  for  tumor  necrosis  factor  (TNF), 
TNFRSF1A,  was  also  up-regulated.  TNF  is  a  major 
mediator  of  apoptosis,  inflammation,  and  immunity, 
which  indicates  additional  cell  signaling  changes  in 
the  cells  that  are  not  indicated  by  the  cell  prolifera¬ 
tion  and  morphology  data.44 

Overall,  the  changes  in  gene  expression  for  each 
test  sample  is  likely  caused  by  many  different  aspects 
of  GNR  exposure  to  FlaCaT  cells.  Direct  interactions, 
such  as  binding  to  the  cell  membrane  and  uptake  into 
intracellular  organelles  are  one  cause  for  changes  in 
gene  expression.  However,  these  changes  could  also  be 
related  to  indirect  interactions.  For  example,  one  study 
in  the  literature  showed  that  nanoparticles  caused  DNA 
damage  to  cells  indirectly,  without  ever  being  directly 
exposed  to  or  taken  up  by  the  cells.45  It  is  hypothesized 
in  this  report  that  damage  is  due  to  transmission  of 
purine  nucleotides  and  also  intercellular  signaling.  Thus, 
it  is  possible  that  GNRs  could  interact  with  macromole¬ 
cules  in  the  extracellular  environment,  which  could 
affect  cell  signaling  and  therefore  affect  gene  expres¬ 
sion.  GNR  interaction  with  macromolecules  has  been 
reported  and  is  suggested  to  be  a  dynamic  process  that 
occurs  in  any  biological  environment.30 

In  order  to  provide  a  threshold  for  the  significance 
of  the  gene  expression  data,  it  may  be  useful  to 
compare  the  results  to  data  available  in  the  literature 
for  a  material  that  is  known  to  be  toxic,  such  as 
asbestos.  A  study  investigating  the  toxicity  of  asbestos 
using  the  stress  and  toxicity  array  showed  up-regula- 
tion  of  genes  related  to  inflammation  and  down- 
regulation  for  genes  associated  with  oxidative  or 
metabolic  stress  with  fold  regulation  in  the  range  of 
50-fold  for  increase  to  10-fold  for  decrease,  with  an 
overall  pro-inflammatory  response.46  In  a  study 


investigating  the  regulation  of  5  genes  related  to 
inflammation  in  macrophages  after  exposure  to  GNRs, 
positively  charged  end  groups  led  to  anti-inflamma¬ 
tory  response,  whereas  negatively  charged  end 
groups  led  to  pro-inflammatory  effects,  and  neutral 
end  groups  seemed  to  exhibit  minor  effects  with 
fold  regulation  of  33-fold  for  increase  and  20-fold 
for  decrease.23  This  indicates  that  up-regulation  of 
Serpinel  to  21.1  after  exposure  to  GNR-MHDA  is  in 
line  with  previous  assays  and  indicates  a  less  sig¬ 
nificant  response  than  asbestos  and  equal  to  slightly 
more  significant  response  compared  to  other  GNR 
surface  chemistries. 

SUMMARY  AND  CONCLUSIONS 

GNRs  coated  with  different  ligands  induced  unique 
responses  in  HaCaT  cells,  supporting  the  strong  influ¬ 
ence  of  surface  functionality  on  biological  effects. 
Ligand  exchange  to  MHDA  and  PEG  resulted  in  im¬ 
proved  viability  and  lower  toxicity  compared  to  GNR- 
CTAB.  However,  while  GNR-PEG  and  GNR-MHDA  did 
not  result  in  significant  decreases  in  cell  proliferation 
by  the  MTS  test,  they  significantly  affected  the  expres¬ 
sion  of  genes  related  to  stress  and  toxicity.  These 
changes  in  gene  expression  were  more  significant  for 
GNR-MHDA,  which  could  be  due  to  the  higher  level 
interaction  with  serum  proteins  in  the  biological  med¬ 
ia,  which  are  likely  dynamically  exchanged  with  differ¬ 
ent  macromolecules  once  introduced  into  the  cellular 
environment.21,47  Additionally,  GNR-MHDA  exhibited 
greater  interaction  with  the  cell  membrane  and  uptake 
into  the  cells  than  that  observed  for  GNR-PEG.  If 
changes  in  gene  expression  persist  for  long  exposure, 
there  is  likely  to  be  more  severe  toxicity  for  chronic 
exposures  to  GNR-MHDA.  GNR-PEG  shows  promise  for 
applications  due  to  high  level  of  stability  in  biological 
media  and  low  level  of  cytotoxicity  compared  to  GNR- 
MHDA.  However,  PCR  results  suggest  that  GNR-PEGs 
are  not  entirely  inert,  and  the  uptake  is  low,  so  for 
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applications  requiring  more  significant  cell  uptake,  different  surface  ligands,  and  the  use  of  targeting 

further  studies  into  the  effect  of  PEG  molecular  weight,  moieties  should  be  further  investigated. 


METHODS 

GNR  Synthesis.  GNRs  were  synthesized  using  the  seed- 
mediated  growth  method.28  The  preparation  of  the  seed  solu¬ 
tion  used  the  following  typical  protocol:  7.5  mL  of  0.2  M  CTAB 
solution  was  mixed  with  0.25  mL  of  0.01  M  HAuCI4  in  a  beaker. 
While  the  solution  was  vigorously  stirred,  0.6  mL  of  ice-cold 
0.01  M  of  NaBH4  was  added  and  the  solution  turned  brownish 
yellow.  Vigorous  stirring  continued  for  another  2  min,  and 
then  it  was  kept  undisturbed  at  room  temperature.  Ten 
milliliters  of  0.01  M  of  HAuCI4  was  added  into  237.5  mL  of 
0.1  M  CTAB  in  a  glass  bottle,  and  the  solution  turned  orange. 
Then,  1.5  mL  of  0.01  M  AgN03  was  added  to  the  solution, 
followed  by  gentle  mixing.  Next,  1.6  mL  of  0.1  M  ascorbic  acid 
was  added  into  the  solution,  followed  by  gentle  inversion  until 
the  solution  turned  colorless.  Two  milliliters  of  seed  solution 
was  gently  added  to  the  growth  solution.  The  solution  sat  on 
the  bench  undisturbed  overnight,  during  which  it  turned 
reddish  brown. 

GNR  Ligand  Exchange.  The  CTAB  surfactant  on  the  GNR  surface 
was  replaced  with  mercaptohexanoic  acid  (MHA)  by  round-trip 
phase  transfer  ligand  exchange  as  described  in  detail  in  ref  27. 
Briefly,  a  two-phase  extraction  method  was  utilized  in  which 
GNR-CTAB  in  water  was  functionalized  with  dodecanethiol  to 
pull  them  into  an  organic  phase.  Acetone  was  used  to  facilitate 
this  phase  transfer.  The  DDT  functionalized  GNRs  were  then 
pulled  back  into  the  aqueous  phase  by  the  ligand  mercapto¬ 
hexanoic  acid,  MHA.  This  resulted  in  both  nanocapsules  and 
nanobones  coated  with  MHA. 

GNR  Characterization.  To  visualize  the  structure  and  size  of  the 
GNRs,  a  drop  of  the  stock  for  each  sample  was  placed  on  a  TEM 
grid  and  viewed  using  a  Hitachi  H-7600  microscope  at  100  kV. 
The  length  and  width  were  averaged  for  1 00  particles  measured 
using  ImageJ  software.48 

The  concentration  of  stock  solutions  was  determined  using 
UV/vis  spectroscopy.  The  molar  concentration  of  the  GNR 
samples  was  calculated  based  on  the  Beer-Lambert  Law  using 
an  extinction  coefficient  of  4.6  x  109  IVT1  cm-1  at  800  nm.  This 
result  was  multiplied  by  the  dilution  factor  to  yield  the  final 
molar  concentration.  To  convert  molar  concentration  to  mass 
concentration,  it  was  assumed  that  the  GNRs  were  cylindrical 
with  dimensions  of  1 1  nm  in  diameter  and  44  nm  in  length  and 
have  a  density  of  19.30  g  crrT3. 

Cell  Culture.  The  human  keratinocyte  cell  line  (HaCaT)  was 
generously  donated  by  the  Army  Research  Lab.  The  cells  were 
cultured  in  a  flask  with  RPMI-1 640  media  (ATCC)  supplemented 
with  10%  fetal  bovine  serum  (FBS,  ATCC)  and  1%  penicillin/ 
streptomycin  (pen/strep,  Sigma).  For  GNR  exposure,  serum-free 
medium  was  supplemented  with  1%  penicillin/streptomycin 
and  was  labeled  as  the  exposure  media  (EM).  Cells  were 
incubated  at  37  °C  in  a  humidified  incubator  with  5%  C02. 

Stability  of  GNRs  in  Biological  Media.  The  relative  stability  of  each 
GNR  sample  was  determined  after  dispersion  in  water  or  EM 
using  UV/vis,  DLS,  and  DF  microscopy.  For  these  studies,  GNRs 
were  suspended  at  a  concentration  of  1 00  /rg/mL  in  water  or  EM 
and  vortexed  30  s  upon  dilution  and  again  immediately  before 
analysis.  Samples  were  analyzed  within  1  h  of  dilution.  UV/vis 
measurements  were  performed  using  a  Varian  Cary  Bio  300  UV/ 
vis  spectrophotometer.  A  Malvern  Zetasizer  was  used  for  for 
zeta  potential  analysis  of  GNRs  dispersed  in  water  based  on 
laser  Doppler  electrophoresis.  For  DF  imaging,  a  small  volume  of 
this  sample  was  spotted  on  a  microscope  slide  and  allowed  to 
dry  in  air.  Imaging  was  performed  using  a  DF  condenser  from 
CytoViva  attached  to  an  Olympus  BX41  microscope  and  DAGE 
camera/software. 

Biochemical  Analysis.  For  biochemical  assays,  cells  were  seeded 
in  a  96-well  plate  at  a  concentration  of  1.0  x  105  cells/cm2  and 
allowed  to  proliferate  and  adhere  for  24  h.  Cells  were  dosed  with 
varying  concentrations  of  GNRs  (5, 50,  and  100/cg/mL)  in  media 


without  serum  (EM).  The  addition  of  EM  to  cells  served  as 
negative  controls.  Biochemical  assays  were  initiated  after  a 
24  h  exposure  and  included  the  MTS,  LDH,  and  ROS  assays. 

The  MTS  assay  was  performed  using  the  CellTiter  96  Aqueous 
One  Solution  Cell  Proliferation  Assay  (Promega).  The  solution 
reagent  contains  a  tetrazolium  compound  [3-(4,  5-dimethylthia- 
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra- 
zolium,  inner  salt;  MTS]  and  an  electron  coupling  reagent 
(phenazine  ethosulfate;  PES).  Metabolically  active  cells  reduce 
the  MTS  compound  into  a  colored  formazan  product  that  is 
soluble  in  tissue  culture  medium  and  can  be  measured  using  a 
standard  microplate  reader.  After  24  h,  the  supernatant  contain¬ 
ing  GNRs  was  aspirated  from  the  wells  and  the  cells  were  washed 
three  times  with  1  x  PBS  to  remove  residual  GNRs.  Mitochondrial 
function  was  then  assessed  according  to  the  manufacturer's 
instructions. 

Lactase  dehydrogenase  leakage  (LDH)  was  evaluated  to 
determine  the  integrity  of  the  cell  membrane  using  the  used 
the  CytoTox  96  Non-Radioactive  Cytotoxicity  Assay  (Promega, 
Madison,  Wl).  This  is  a  colorimetric  assay  that  quantitatively 
measures  LDH,  a  stable  cytosolic  enzyme  that  is  released  upon 
cell  lysis.  Released  LDH  in  culture  supernatants  is  measured  with 
a  30  min  coupled  enzymatic  assay  that  results  in  the  conversion 
of  a  tetrazolium  salt  into  a  red  formazan  product.  For  both  the 
MTS  and  LDH  assay,  the  formazan  product  was  measured  by  the 
amount  of  absorbance  at  490  nm  with  a  standard  microplate 
reader  (SpectraMAX  GeminiXS,  Molecular  Devices,  Sunnyvale, 
CA).  The  absorbance  is  directly  proportional  to  the  number  of 
metabolically  active  cells  and  the  number  of  lysed  cells  in  the 
MTS  and  LDH  assays,  respectively.  The  spectrophotometer  was 
calibrated  to  zero  absorbance  using  EM  without  cells,  and  a 
background  reading  was  taken  immediately  after  the  addition 
of  reagent  to  eliminate  interference  due  to  slight  absorbance  of 
GNRs  near  490  nm. 

In  order  to  further  investigate  oxidative  stress  as  a  mecha¬ 
nism  of  cytotoxicity,  the  reactive  oxygen  species  (ROS)  assay 
was  performed  using  the  BD  Pathway  confocal  microscope, 
which  collects  images  and  corresponding  fluorescence  inten¬ 
sity  data.  The  generation  of  ROS  was  probed  with  the  Image  IT 
Live  Green  ROS  detection  kit  (Molecular  Probe,  Invitrogen, 
Carlsbad,  CA).  This  assay  is  based  on  a  fluorescent  marker  for 
ROS  in  live  cells  (5-carboxy-2',7'-dichlorodihydrofluoresceine 
diacetate;  carboxy-H2DCFDA).  The  oxidation  product  of  car- 
boxy-H2DCFDA  has  excitation/emission  maxima  of  approxi¬ 
mately  495/529  nm.  As  a  positive  control,  0.03%  of  hydrogen 
peroxide  was  added  for  1  h  to  induce  cellular  apoptosis.  After 
incubation,  the  cells  were  washed  with  warm  PBS,  then  the 
monolayers  were  covered  with  the  working  solutions  (carboxy- 
H2DCFDA  for  ROS  staining:  25  fiM;  Hoechst  solution  for  nuclear 
staining:  1  uM).  The  cells  were  incubated  at  37  °C  for  30  min, 
protected  from  light  to  avoid  bleaching  of  the  fluorophores. 
After  rinsing  with  PBS,  the  cells  were  observed  with  DAPI  and 
fluorescein/FITC  filters,  and  fluorescence  intensity  for  each  was 
quantified.  The  results  were  presented  in  the  form  of  fold 
change  in  fluorescence  intensity  of  FITC/DAPI  from  control. 

For  each  biochemical  assay,  three  trials  were  performed  for 
each  sample  with  a  value  of  n  =  3  per  trial  for  a  total  of  9  data 
points  for  each  sample.  Statistical  significance  from  the  control 
was  determined  for  biochemical  data  using  a  two  tailed  ttest  in 
Excel  with  p  <  0.05. 

Cell  Morphology  and  Uptake.  The  interaction  of  GNR-MHDAand 
GNR-PEG  cells  was  determined  using  DF  imaging  and  transmis¬ 
sion  electron  microscopy  (TEM).  For  DF  imaging,  cells  were 
plated  in  two-chambered  slides  (surface  area  =  4  cm2)  at  a 
concentration  of  1 .0  x  1 05  cells/cm2  and  allowed  to  proliferate 
and  adhere  for  24-48  h  or  until  ~80%  confluent.  For  DF 
imaging  experiments  with  GNR-MHDA  and  GNR-PEG,  cells  were 
dosed  with  GNRs  diluted  in  EM  at  a  concentration  of  1 0  /rg/mL 
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and  exposed  for  24  h.  Following  exposure,  cells  were  washed 
with  PBS  and  fixed  in  4%  paraformaldehyde  for  10  min.  The  cells 
were  washed  again  with  PBS,  a  coverslip  was  added  and  sealed 
with  clear  nail  polish,  and  the  slide  was  imaged  using  the 
CytoViva  Hyperspectral  Imaging  System  attached  to  an  Olym¬ 
pus  BX41  microscope  (Aetos  Technologies,  Inc.,  Auburn,  AL). 
Data  were  collected  using  ENVI  software. 

For  TEM  imaging,  cells  were  seeded  at  a  concentration  of 
1.0  x  105  cells/cm2  in  6-well  plates  (surface  area  =  9.6  cm2)  and 
allowed  to  adhere  and  proliferate  for  48  h.  Cells  were  dosed  with 
GNRs  diluted  in  EM  at  a  concentration  of  50/rg/mLand  exposed 
for  24  h.  At  the  completion  of  the  exposure  period,  cells  were 
washed  with  PBS,  trypsinized  from  the  plate,  and  centrifuged  at 
lOOOg  for  10  min.  The  pellet  was  fixed  in  2%  paraformaldehyde 
overnight  at  4  °C.  The  following  day,  the  cell  pellets  were 
washed  with  PBS,  stained  with  4%  osmium  tetroxide,  and 
dehydrated  with  ethanol  in  a  standard  dilution  sequence.  The 
final  pellet  was  cured  in  a  vacuum  oven  using  LR  White  resin 
(EMS)  at  60  °C.  The  cured  sample  was  sectioned  using  a  Leica  EM 
UC6  Ultramicrotome  and  imaged  using  a  Hitachi  H-7600  TEM  at 
the  University  of  Dayton. 

fiene  Expression  Analysis.  Real-time  reverse  transcriptase  poly¬ 
merase  chain  reaction  (RT-PCR)  was  used  to  determine  the 
effect  of  GNR-MHDA  and  GNR-PEG  exposure  on  HaCaT  cells  at 
nontoxic  doses  (50  /<g/mL).  Cells  were  seeded  and  exposed 
to  GNRs  as  described  for  TEM  imaging  (1  x  105  cells/cm2  in 
9.6  cm2/well  =  ~1  x  106  cells/trial).  After  24  h  exposure,  RNA 
was  isolated  from  the  cells  using  a  RNA  isolation  kit  from 
Qiagen.  The  RNA  yield  was  determined  using  the  NanoDrop 
spectrophotometer  (ThermoScientific).  Following  RNA  isola¬ 
tion,  c-DNA  was  prepared  using  the  RT2  First  Strand  kit 
(SABiosciences)  according  to  manufacturer's  instructions.  The 
stress  and  toxicity  array  (SABiosciences)  was  used  to  evaluate 
the  expression  of  84  genes  related  to  stress  and  toxicity 
production  in  human  cells.  Expression  of  genes  that  are  directly 
regulated  by  oxidative  or  metabolic  stress  and  heat  shock,  as 
well  as  genes  which  are  representative  of  pathways  activated  by 
prolonged  stress,  such  as  apoptosis  and  senescence  are  among 
those  evaluated  in  this  array.  Three  trials  were  performed  for 
each  sample  (control,  GNR-MHDA,  and  GNR-PEG). 

Data  were  analyzed  based  on  average  threshold  cycles  (Ct), 
which  is  equal  to  the  cycle  number  at  which  fluorescence 
generated  crosses  the  fluorescence  threshold.  The  Ct  values 
were  normalized  by  subtracting  the  Ct  for  each  gene  of  interest 
(GOI)  by  the  arithmetic  average  of  Ct  values  for  a  set  of  5 
housekeeping  (HKG)  genes  (Ct(GOI)  -  Ct(HKG)  =  ACt).  The 
resulting  ACt  values  were  averaged  for  triplicate  trials  for  each 
test  sample  (GNR-MHDA  and  GNR-PEG).  The  averaged  ACt 
values  were  further  manipulated  by  a  factor  to  relate  Ctto  gene 
expression  (2~AC*).  Fold  regulation  was  determined  by  dividing 
2~AC*  value  for  each  test  sample  by  the  2~ACt  value  for  the 
negative  control  sample  and  taking  the  negative  inverse  for 
values  less  than  1 .00.  A  heat  map  for  each  GNR  sample  is  shown 
in  Figure  5  based  on  fold  regulation. 

Genes  that  were  significantly  different  for  GNRs  versus  the 
negative  control  were  determined  by  a  Student's  f  test  compar¬ 
ing  the  ACt  values  for  the  triplicate  trials  for  each  test  sample 
compared  to  the  ACt  values  for  the  negative  control.  Genes  with 
p  <  0.05  are  shown  in  Table  3. 
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